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ABSTRACT
Orientation-dependent solid solution strengthening was explored through a
combined microtexture plus nanoindentation study. Pure zirconium (6N purity
crystal-bar Zr) and commercial Zircaloy-2 were investigated for comparison.
Local mechanical properties were estimated through finite element (FE) simu-
lations of the unloading part of the nanoindentation load–displacement
response. Combinations of ‘averaging’ scheme and constitutive relationship
were used to resolve uncertainty of FE-extracted mechanical properties. Com-
paring the two grades, non-basal oriented grains showed an overall hardening
and increase in elastic modulus. In contrast, insignificant change was observed
for basal (or near-basal) oriented grains. The strengthening of non-basal orien-
tations appeared via elimination of the lowest hardness/stiffness values without
a shift in the peak value. Such asymmetric development brought out the clear
picture of orientation-dependent solid solution strengthening in zirconium.
Introduction
Zirconium alloys are used as in-reactor structural
material in the thermal nuclear reactors [1–4]. Their
selection is based on low-neutron-absorption cross
section, excellent mechanical and corrosion proper-
ties at reactor working temperatures [3, 5, 6]. Any
alloy development naturally needs to consider all
these aspects. One of these is the aspect of enhancing
the mechanical performance, more specifically, pos-
sibilities on enhanced strengthening. It is important
to note that zirconium has a hexagonal crystal
structure [7, 8]. This makes zirconium alloys aniso-
tropic [8–11]. The orientation sensitivity of the
mechanical properties is naturally of both academic
and applied interest.
Anisotropy of single crystal zirconium has been
discussed in the literature [12–17]. These studies were
performed through conventional mechanical tests on
large single crystals, hence they had experimental
limitations. Nanoindentation, on the other hand, can
serve as an alternative testing procedure, since
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Metals corrosion
precise indentations can be made within a grain. This
not only eliminates the complications of generating
single crystals, but allows measurements on specific
microstructural features. Nanoindentation experi-
ments typically provide load–displacement data.
Experiments and practices in mechanics, however,
demand the stress–strain behavior. It is possible to
convert [18–23] nanoindentation data to stress–strain
plots, especially through numerical simulations. This
conversion involves regression analysis, and hence
the solutions may not be ‘unique’ [19, 20, 24–27]. In
other words, a single nanoindentation load–dis-
placement plot may be described by multiple stress–
strain behaviors.
If the above-mentioned problem of ‘non-unique-
ness’ is addressed, then nanoindentation can offer
interesting insights into metal physics. Of interest to
the present manuscript is the effect of alloying to the
strengthening behavior at grain scale of a polycrys-
talline material. A precise indentation made at the
center of grain and away from precipitates brings out
the effect of solutes present when compared to a
solute-free (or negligible solute) grain and ignores the
grain size effect. For example, in high-purity thin
films of aluminum single crystals the reported dif-
ference in hardness, between h111i and h001i grains,
is 60%. This difference scales with estimated differ-
ences in Taylor factor [28]. Grains or orientations of
aluminum alloys with a similar difference in Taylor
factor, however, show a hardness difference of about
10% [28]. Single crystals of Mg–Li alloy show an
increase in the strength of basal planes with Li
addition [29]. However, prismatic and pyramidal
planes are softened with Li addition [30]. This
behavior is valid for a wide range of temperature.
Similar behavior is observed with Zn addition in Mg
single crystals [31]. In polycrystals, the strengthening
effect increases with increase in alloying elements up
to solubility limit. This increment is an overall
response; however, the relative effect of alloying
elements on solid solution strengthening for different
orientations in a polycrystalline material remains
undocumented.
A previous study [32] provides preliminary results
on orientation sensitivity of nanohardness in crystal-
bar zirconium (6N purity) and Zircaloy-2. Though a
finite element-based model predicted stress–strain
behavior, the problem on non-unique solutions
remained. This present contribution expands on the
previous work [32] and provides a possibility to
obtain a unique/precise stress–strain behavior from
nanoindentations. Covering a wide range of similar
orientations for two different grades of zirconium,
this study expands the possibility to have an upper
limit of orientation-dependent solid solution
strengthening.
Experimental details
Materials
Two zirconium (Zr) grades were investigated in this
study. These were crystal-bar Zr (6N purity 99.9999
wt% Zr) and commercial Zircaloy-2. The former was
free from precipitates and had large grain size (in
mm). Zircaloy-2 is a commercial solid solution of
zirconium with sub-micron intermetallic precipitates.
(Chemical composition is listed in Table 1.) For pro-
cessing of crystal-bar Zr, the reader can refer to [3].
Samples of Zircaloy-2 were made from cast and
forged Zircaloy-2 blocks, subjected to 40% cold roll-
ing and subsequent recrystallization (1098 K for
24 h). The resulting grain size (* 15 lm) is sufficient
to confine nanoindented plastic/deformation zones
within the individual crystallites (* 2 to 4 lm indent
size).
Nanoindentation and electron backscattered
diffraction (EBSD)
Before nanoindentation and EBSD, all samples were
electropolished using an electrolyte of 80:20 methyl
alcohol and perchloric acid under 21 V at 233 K.
Nanoindentation tests were performed using a
Hysitron TriboindenterTM (TI 900). All nanoindents
were made using a Berkovich tip in load-controlled
mode to a maximum load of 5000 lN. Berkovich
indenter is a three-sided pyramidal tip with half
included angle of 70.3. The contact area between
indenter and material is different between spherical
and Berkovich tip. Following the Oliver–Pharr
Table 1 Chemical composition of Zircaloy-2 (in wt% of alloying
elements)
Sn Fe Cr Ni O Zr
1.54 0.15 0.12 \ 0.05 0.12 Balance
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analysis method [33] and Hertzian contact model [34]
for nanoindentation, one needs to find appropriate
contact radius. If that is considered, then stress–strain
behavior for spherical or circular tips is expected to
be similar. Further, using the same loading module
(the so-called high-load or low-load module in a
nanoindenter) strains imposed and plastic zones
established are noticeably higher for Berkovich. The
sharp Berkovich indenter not only provides an
expanded stress–strain response, but more effectively
avoids influence (if any) of grain below the indenting
grains. A triangular waveform was assumed with
1000 lN/s loading and unloading rate and 10 s hold
time. The maximum load was decided after a set of
initial trial experiments by varying loads till projected
area of indentation gets constant [35]. To avoid hav-
ing any grain size effect, indents were placed care-
fully close to grain center in Zircaloy-2. From the
respective load–displacement plots, hardness and
reduced elastic modulus were estimated using the
Oliver and Pharr analysis [33]. The indented samples
were then scanned using EBSD (electron backscat-
tered diffraction: TSL-OIMTM) in a FEITM Quanta-3D
FEG (field emission gun) SEM (scanning electron
microscope). Step size of 0.1 lm and identical beam/
video conditions were maintained between the scans
for comparison. Various precipitates may form dur-
ing phase transformations in single-phase Zr alloys
[3, 36]. These hard intermetallic precipitates are
referred to as ‘2nd phase’ in the present work. They
can be classified as: (1) Zr2(FeNi)-type intermetallic,
(2) hexagonal Zr(CrFe)2 Laves phase precipitate and
(3) Zr3P precipitates. Combining the inverse pole
figure (IPF) and image quality (IQ) maps, near-
boundary indents and indents close to the second
phase were identified and subsequently omitted from
the analysis.
Finite element modeling
A finite element (FE) model was formulated to sim-
ulate load–displacement behavior and to extract the
values of yield stress and strain-hardening exponent.
This was performed using a commercial finite ele-
ment package, ABAQUSTM, assuming axi-symmetric
elasto-plastic specimen. As the Berkovich indenter is
not axi-symmetric, the indenter was modeled as an
elastically deformable equivalent conical indenter—
with the same depth-to-area relationship and half
included angle of 70.3. An indenter tip radius of
200 nm was assumed, and Fig. 1a justifies the reason
of choosing the mentioned value. As per the appli-
cation note of instrument makers (Hysitron) [37],
the radius of curvature of a tip is typically three times
larger than the contact depth drop off for hardness
measurements on standard sample (e.g., fused
quartz). For the present study, the same method was
followed and it was found that hardness becomes
constant after the contact depth value of 66 nm.
Figure 1 a Contact depth versus nanohardness of a standard
sample to obtain indenter radius, b geometry and boundary
conditions of the meshed FE (ﬁnite element) model.
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Based on this observation, tip radius was chosen as
200 nm (approximately 3 9 66 nm). Figure 1b shows
the meshed geometry of finite element model. Since
the contact region is expected to experience very high
stresses and undergo severe deformation, a very fine
mesh was used in the sample using biased meshing
technique. The specimen was assumed to be homo-
geneous and isotropic though the elastic modulus
values varied as a function of grain orientation (ob-
tained from nanoindentation measurements). Both
indenter and specimen were modeled with four-node
and three-node linear axi-symmetric elements,
respectively. The coefficient of friction between
indenter and specimen was kept as 0.20. During the
simulation, the bottom part of the sample was fixed.
Left side of the sample and indenter were allowed to
move in y-direction only with fixed x-direction
movement. Pressure was applied on indenter, corre-
sponding to experimental load profile. The unloading
part was simulated as taking the indenter to the
original position. After the simulation, load was cal-
culated from the sum of the reaction forces from the
bottom nodes of the specimen, and sample dis-
placement was measured from the nodal displace-
ments close to the contact region.
For the simulations, elastic properties of diamond
were used for the indenter: elastic modulus 1140 GPa
and t = 0.07 [33, 35]. For the specimen, t was kept
constant at 0.34 [38]. In the present finite element
model, no size effect is present. Specimen geometry
denotes single crystal or orientation. In experiments,
indents were placed close to the grain center with
large enough grain size. Equation (1) described this as,
r ¼ Eee when r\ryKenp when r[ ry

ð1Þ
where E is the Young’s modulus, e is strain, whereas
subscripts e and p denote the elastic and plastic
components of strain, respectively, and n is strain-
hardening exponent. Stress varies linearly with strain
at elastic regime, whereas power law is obeyed at
plastic regime. ep = 0 is possible only before the onset
of plasticity. Therefore, power law is not valid in that
region. Here, K can be taken as
r 1nð Þy
En so that ry and n
can only be chosen as input variables. The combina-
tion of ry and n that gives the best match between
simulated and experimental load–displacement data,
especially the unloading curve, is identified as the
yield stress and strain-hardening exponent respective
to that particular orientation. Flowchart shown in
Fig. 2 describes the procedure to generate input to
the model using Eq. (1) and finite element simulation
strategy to get a solution for ry and n. Solute
strengthening effect in Zircaloy-2 was accounted in
the model by elevating the guess values of ry or n in
comparison with crystal-bar Zr with similar
orientation.
Speculation/modification of y and n based on 
available literature
Use of Eq. 1 to formulate the flow curve with 
experimental elastic modulus and speculated
value of and n
Analysis on nanoindentation data to obtain 
elastic modulus for individual orientation
Use of this flow curve as an input to the finite 
element model
Obtain simulated load – displacement data from 
the model
Matching of 
experimental and 
simulated unloading part 
of load – displacement 
data and maximum depth 
of indentation
No
and n are assigned as possible solution for 
that particular dataset
Yes
σ
yσ
yσ
Figure 2 Flowchart describing input, procedure of ﬁnite element
simulation and comparison between experiment and simulation.
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Results
Figure 3a, b shows typical EBSD images of nanoin-
dented crystal-bar Zr and Zircaloy-2, respectively.
Use of backscattered SEM signal plus IPF (inverse
pole figure) orientation information was successful in
bringing out the exact microstructural location of the
nanoindents. This was essential to obtain orientation-
dependent load–displacement results. For example,
crystal-bar Zr (Fig. 3a) was free from the second
phase, while the clear presence of intermetallic pre-
cipitates and micro-twins was noted in the Zircaloy-2
(Fig. 3b). As stated earlier, only those nanoindenta-
tion measurements were selected which are from
regions without visible 2nd phase, grain boundaries,
and micro-twins in Zircaloy-2.
The binned data for hardness and elastic modulus,
for both grades, are shown in Fig. 4 (36 data points
for crystal-bar Zr and 80 data points for Zircaloy-2:
each data point correspond to an orientation). In
crystal-bar, hardness values range from 0.5 GPa to 3
GPa. For a similar, albeit more extensive set of ori-
entations, Zircaloy-2 hardness spread was 1.5 to 3
GPa. In other words, Zircaloy-2 did not exhibit the
lower hardness values observed in crystal-bar (see
Fig. 4a). The observation on estimated elastic modu-
lus was similar, see Fig. 4b, though the highest values
estimated in Zircaloy-2 were marginally higher.
To formulate the local stress–strain behavior,
nanoindentation simulations were performed using
finite element method (as explained in ‘‘Finite ele-
ment modeling’’ section). Figure 5a pictorially
demonstrates the extent of matching of load–dis-
placement behavior between experiments and simu-
lations. As Oliver–Pharr analysis [33] is based on the
unloading curve, emphasis was given to accurately
predict the maximum indentation depth and
unloading curve from FE simulations. Though FE
simulations predicted yield stress and strain-hard-
ening exponent, the ambiguity of multiple combina-
tions of mechanical properties [19, 20, 24, 27, 32] was
not avoided. Figure 5b shows an example where the
simulated unloading curve and maximum indenta-
tion depth matched with the experimental results
equally well for two different sets of values of yield
stress and strain-hardening exponent. In the discus-
sion section, an attempt has been made to overcome
this ‘non-uniqueness’ and predict a set of unique
values.
Figure 3 Electron
backscattered diffraction
(EBSD) images with
combined information from
backscattered detector and
orientations [in inverse pole
ﬁgure (IPF) notation] of
nanoindented a crystal-bar
zirconium and b Zircaloy-2. In
b, micro-twins and second-
phase precipitates are visible
(shown by arrows). Only those
indentations which were well
inside grains (marked as
square) were taken for
analysis, and indentations
close to grain boundary or
twins (marked as circle) were
excluded in the calculation.
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As shown in Fig. 6a, the near-surface plastic zones,
after respective nanoindents, were effectively
revealed through EBSD (electron backscattered
diffraction). Relative misorientations from the
quaternion average orientation are represented in
color scale as the near-surface plastic zone. On the
other hand, simulated plastic zone size was also
calculated from effective plastic strain map (Fig. 6b).
Simulations were performed assuming von Mises
yield criterion. The effective plastic strain was cal-
culated as, eeffective ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
3 e
2
11 þ e222 þ e233
 q
where
e11; e22; e33 are the principal strains calculated from FE
simulations. A direct comparison between the zones
would be questionable, as different criteria (effective
strain versus local misorientation) were used. Hence,
it was decided to consider a ‘relative’ effect. For both
the grades (crystal-bar Zr versus Zircaloy-2), similar
hardness values were chosen and zones were mea-
sured—see Table 2. Ratios of the hard–soft experi-
mental and simulated zones were similar: 0.58 and
0.52 in Zircaloy-2, and 0.64 versus 0.72 in crystal-bar.
This also highlights, albeit indirectly, the effective-
ness of the nanoindentation simulations and negli-
gible influence from grains below (the indenting
grain) in experiments.
Discussion
Nano and pico indentations have the potential of
estimating ‘local’ mechanical properties. This may
bring insights into new aspects of microstructural
developments and structure–property correlations.
For this, the FE simulations [19, 22, 39] are essential.
But as shown in this study, and also in the literature
[19, 25, 27, 32], multiple solutions or ambiguities in
the yield strength (ry) and strain-hardening exponent
(n) values can provide a serious hindrance. This
study proposes a possible solution. Figure 7 plots the
experimental hardness (H) versus FE simulated ry.
The extreme ry values, which show a good match in
experimental and simulated nanoindentation curve,
are shown as solid lines. The area between these
maximum and minimum ranges, see Fig. 7, consists
of all the possible solutions from FE. It was decided,
as a convention, to take the mid-line, thus returning a
constitutive relationship of H = 3.16 ry. It is to be
noted that similar linear relationship (H = 3.16 ry)
was also reported in [38] for nominal hardness and
yield stress corresponding to a representative strain.
The maximum and minimum possibilities, Fig. 7,
yield the coefficient of 3.40 and 2.92, respectively.
Using H = 3.16 ry does not avoid the non-uniqueness
problem completely, but gives a means to obtain a
solution closer to a unique value. These limits in
Figure 4 Distribution of
a hardness and b elastic
modulus for crystal-bar
zirconium and Zircaloy-2.
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solution and the averaging ‘scheme’ to minimize
non-uniqueness problem with FE indentation models
were not reported before in the published literature.
It is to be noted that the simulated stress–strain
behaviors show much higher than the expected [40]
strength values. This is not surprising, for example
nanoindentation studies on ZnO and iron single
crystals also reported significantly higher stress val-
ues than those obtained from conventional mechan-
ical tests [41]. They proposed to multiply the bulk
stress and strain values with respective factors of 3
and 10 to match it with nanoindentation derived
values.
This opens up the possibilities of the use of
nanoindentation data to expand on the solid solution
strengthening and its possible orientation sensitivity.
It is to be noted that Zircaloy-2 contains alloying
elements, whereas crystal-bar zirconium is almost
pure. Grain size strengthening can be neglected as the
indentations stay well within the grain center in the
analysis, so the comparison between hardness (or
yield strength) of similar orientations provides indi-
cations only about solid solution strengthening. The
change in hardness, for similar orientations, revealed
clear ‘anisotropy.’ For example, hardening in basal/
near-basal was almost negligible (* 4%), whereas
nearly 100% increment in hardness was observed for
non-basal orientations. The combination provided
approximately 25% average hardening. A more
complete picture can be seen in Fig. 8, which plots
the hardness of individual grains as a function of
deviation from the basal plane (d). It is well known
that the near-basal hardness is highest in zirconium
[12, 42]. Comparing crystal-bar Zr (pure Zr) with
commercial-purity Zircaloy-2 clearly revealed that
the solid solution strengthening was effective only to
the weaker non-basal orientation, and did not alter
the hardness or stress–strain behavior of the near-
basal grains. They had the highest, but similar,
hardness (and stress–strain responses) in both grades
of Zr. This study thus brought out clearly that the
solid solution strengthening is restricted to the crys-
tallographically weaker grains or orientations. Of
course, in commercial Zircaloy-2 microscopic com-
position heterogeneities are expected. However,
analytical microscopy (energy or wavelength-dis-
persive X-ray spectroscopy) with sub-micron resolu-
tion did not reveal significant variation in
composition inside the grains. More importantly, the
experimental load–displacement plots were almost
identical when grains of the same crystallographic
orientations were considered (Fig. 9).
A modern crystal plasticity model (for example, a
full-field crystal plasticity finite element model) uses
the overall stress–strain responses [15, 43–46]. The
orientation dependence is introduced with disloca-
tion-based latent hardening [46]. The latter is, how-
ever, ad-hoc. The present study introduces the
possibility of calibrating such ad-hoc latent harden-
ing values with robust experimental data (Fig. 10).
The present FE model was used to expand on the
anisotropic hardening, see Fig. 10. Three distinct, but
similar orientations, for both grades, were selected
for comparison. It is expected that solid solution
hardening would push the yield strength and strain-
hardening exponent to a higher value. Increasing
these values, in comparison with crystal-bar Zr with
similar orientation, accounted for the solute
strengthening effect in the FE model. Introducing the
Figure 5 a Comparison between experimental and simulated
load–displacement curves and b simulations showing multiple
solutions for yield strength (ry) and strain-hardening exponent (n).
In b, simulations 1 and 2, respectively, stipulate ry = 600 MPa
and 656 MPa and n = 0.17 and 0.13.
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higher values was attempted through multiple iter-
ations. For example, as shown in Fig. 10, yield stress
values for orientation B or C in inverse pole figure for
crystal-bar Zr were low (* 250 MPa). On the other
hand, it shifted to * 600 MPa in Zircaloy-2 for sim-
ilar orientations. Similarly, changes in strain-hard-
ening exponent, between the two alloys for these
orientations, were also imposed (see Fig. 10). Critical
resolved shear stress (CRSS), measured for basal slip
versus prism slip, for high-purity zirconium single
crystals (with varied oxygen content) also showed
marked differences [12, 41]. This is typically
explained in terms of the critical resolved shear
stresses of the respective slip systems. Anisotropic
Figure 6 a Data from Fig. 3a
with detector signal plus
relative misorientation.
Average orientation
(quaternion average: shown as
a unit cell) was calculated.
Relative misorientation, from
the average orientation, was
then plotted in the attached
color code. Thus, a provides
an estimate of the near-surface
plastic zone; b effective plastic
strain map obtained from FE
simulations.
Table 2 Comparison of plastic zone size between experiment and simulation
Sample Hardness
(GPa)
Experimental plastic
zone size (lm)
Simulated plastic
zone size (lm)
Ratio of experimental plastic
zone size (min/max)
Ratio of simulated plastic
zone size (min/max)
Zircaloy-2 2.95 0.72 0.57 0.58 0.52
1.59 1.25 1.1
Crystal-bar
zirconium
2.99 0.98 0.72 0.64 0.72
1.59 1.56 1.01
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load–displacement and stress–strain responses were
discussed for hexagonal Zr—there are a ‘limited’
number of references [47, 48]. However, there are no
references on anisotropic load–displacement and
stress–strain responses between high-purity (crystal-
bar Zr) and commercial-purity single-phase Zircaloy-
2. In this study, the comparison of similar hardness
values (and stress–strain responses) between the two
grades (high-purity crystal-bar Zr versus commer-
cial-purity Zircaloy-2) clearly revealed that the
alloying ‘pushed’ the CRSS for non-basal orientations
but had negligible impact on basal orientations. Such
information is intrinsically novel and never been
published before.
Conclusions
This study involved orientation-dependent nanoin-
dentation measurements in high-purity zirconium
crystal-bar and in commercial Zircaloy-2. Zircaloy-2
had, on average, 25–28% higher hardness and elastic
stiffness than 6N (99.9999 wt% Zr) purity crystal-bar.
The shift in mechanical properties was anisotropic—
Figure 7 Relation between experimental hardness and simulated
yield stress. The maximum and minimum yield strengths, from the
FE simulations, are used to show the extremities of constitutive
relations. The middle line, or a constitutive relation ofH = 3.16 ry
(where H = experimental hardness and ry = extrapolated yield
strength), was then used.
Figure 8 Variation of hardness as a function of deviation from
the basal plane. These are shown for both crystal-bar and Zircaloy-
2.
Figure 9 Experimental load–displacement plots of two different
sets of orientations in Zircaloy-2. For each set, different grains
with similar orientations were indented. Negligible difference is
observed within a set, while signiﬁcant variation exists between
the two sets.
Figure 10 Simulated stress–strain (plastic) plots show the
anisotropic hardening for three distinct, but similar orientations
(A, B and C: as marked in the IPF) for crystal-bar zirconium and
Zircaloy-2.
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elimination of lower hardness/stiffness with
insignificant changes in the highest value.
The nanoindentation plots were converted to
stress–strain behaviors through appropriate finite
element modeling of the unloading part. The pro-
posed scheme of ‘averaging’ and a constitutive rela-
tionship can predict toward a unique solution. This,
on the other hand, helped in the effective study of the
orientation-dependent solid solution strengthening.
The increment in hardness due to solid solution
strengthening was negligible in the hard basal/near-
basal crystallographic orientations, and significant in
the softer non-basal orientations.
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